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Regulation of Copper Toxicity by Candida albicans GPA2
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Copper is an essential nutrient that is toxic to cells when present in excess. The fungal pathogen Candida albicans employs sev-
eral mechanisms to survive in the presence of excess copper, but the molecular pathways that govern these responses are not
completely understood. We report that deletion of GPA2, which specifies a G-protein a subunit, confers increased resistance to
excess copper and propose that the increased resistance is due to a combination of decreased copper uptake and an increase in
copper chelation by metallothioneins. This is supported by our observations that a gpa2A/A mutant has reduced expression of
the copper uptake genes, CTR1 and FRE7, and a marked decrease in copper accumulation following exposure to high copper lev-
els. Furthermore, deletion of GPA2 results in an increased expression of the copper metallothionein gene, CRD2. Gpa2p func-
tions upstream in the cyclic AMP (cAMP)-protein kinase A (PKA) pathway to govern hyphal morphogenesis. The copper resis-
tance phenotype of the gpa2A/A mutant can be reversed by artificially increasing the intracellular concentration of cAMP. These
results provide evidence for a novel role of the PKA pathway in regulation of copper homeostasis. Furthermore, the connection
between the PKA pathway and copper homeostasis appears to be conserved in the pathogen Cryptococcus neoformans but not in

the nonpathogenic Saccharomyces cerevisiae.

Copper is an essential nutrient that drives a wide variety of
essential biochemical processes through its function as an en-
zyme cofactor. Excess copper is toxic because it can lead to the
generation of reactive oxygen species, via the Fenton reaction,
which can, in turn, react with and damage nucleic acids, proteins,
and lipids (1, 2). The biocidal properties of copper have been
known for centuries and have long been exploited to control or
prevent the growth of a wide variety of microbial organisms (3).
Furthermore, an emerging theme in the field of host-pathogen
interactions is the idea, for which there is considerable evidence,
that macrophages kill phagocytized microbes by pumping copper
into the phagolysosome to inflict copper poisoning upon them
(4-6). The ability of microbes to survive in the presence of excess
copper can be achieved by three key mechanisms-reducing cop-
per influx, increasing copper efflux, and expressing metallothio-
neins, which function as copper storage proteins by chelating ex-
cess copper (7-12).

In Candida albicans, the major invasive fungal pathogen in
humans, copper import is mediated by the high-affinity copper
transporter, Ctrlp, and the action of two proteins with cupric
reductase activity, Fre7p and FrelOp (13, 14). Under copper-lim-
iting conditions, CTRI and FRE7 are expressed at high levels, and
this expression is dependent on the copper-sensing transcription
factor encoded by MACI, which binds to copper response ele-
ments in the promoters of CTRI and FRE7. Under copper-replete
conditions, the expression of CTRI and FRE7 is repressed (15).
Although the mechanism of repression in the presence of copper
has not been determined in C. albicans, it is likely to occur by the
same molecular mechanism as used by Saccharomyces cerevisiae,
whereby copper binds to and inhibits the ability of ScMaclp to
bind DNA and subsequently prevents gene expression (7, 16, 17).
(Herein, we use the prefix “Sc” to indicate S. cerevisiae gene prod-
ucts, and genes without a prefix are carried by C. albicans). As an
added barrier to prevent excess copper accumulation, the pres-
ence of high copper levels induces the degradation of the copper
transporter, ScCtrlp, at the plasma membrane in a manner that is
dependent on ScMaclp (11, 18).
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Essential for the ability of C. albicans to resist copper toxicity is
the function of the proteins encoded by CRP1, CUPI, and CRD?2.
Homozygous deletion of any of these genes results in increased
sensitivity to excess copper (19, 20). CRPI encodes a P1-type
ATPase copper transporter that actively pumps excess copper out
of the cell, a feature that appears to be absent in S. cerevisiae (19,
20). CUPI and CRD2 encode copper metallothioneins (19, 20).
The expression of CRPI and CUPI is stimulated by growth in
excess copper, while CRD2 expression is insensitive to copper lev-
els (19, 20). The mechanism responsible for the copper-inducible
expression of CUPI has not been analyzed in C. albicans, but it
likely mimics the scenario in S. cerevisiae, in which copper binds
to and activates a second copper-sensing transcription factor,
ScCup2, and subsequently induces the expression of ScCUPI (21—
23). The C. albicans genome encodes a strong homologue of
ScCUP2, and deletion of either homologue confers copper hyper-
sensitivity to its respective organism (23, 24).

Relatively little is known about the molecular pathways that
pathogenic fungi use to sense and respond to excess copper apart
from the function of the two copper-sensing transcription factors.
Here we demonstrate that deletion of GPA2, which encodes a
G-protein o subunit involved in filamentous growth, confers in-
creased resistance to normally toxic levels of copper. We show that
Gpa2p governs the expression of genes involved in copper uptake
and chelation and provide the first evidence for the involvement of
the protein kinase A (PKA) pathway in copper homeostasis.
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TABLE 1 Strains used in this study

GPA2 Regulates Copper Homeostasis

TABLE 2 qRT-PCR oligonucleotides used in this study

Strain Relevant genotype Reference  Oligonucleotide Sequence (5'-3")

C. albicans CTRI1-qF TCTTTGTTGCCTTCCTTGCT
RBY1179 GPA2/GPA2 26 CTRI1-qR GTTCCACGAGCTTTTGTGGT
RBY1166 gpa2:HIS1/gpa2::LEU2 26 CTR2-qF TGGATCACAATATGCCTGGA
RBY1205 gpa2:HIS1/gpa2::LEU2/GPA2::SATI1-FLIP 26 CTR2-qR ACCCAATGTTGCCAATTCAT

(addback) CRP1-gF GCGCACAGCTGATTTGATTA
CAI4-URA EFGI/EFGI 43 CRP1-qR CCACAAGGACATGCAACAAC
DSC10 efgl Az:hisG/efgl Az:hisG 43 CRD2-gF CTGCTCAATGTGTCTGTGCTC
DSC11 efgl Az:hisG/efgl Az:hisG::EFG1-dpl200 43 CRD2-qR CACAAATAGCATTAGCACCACAA
SN250 MACI/MACI CUP2/CUP2 24 CUP2-qF ACAACTGACCCTGCCAAATC
TF065-1 maclA:HIS1/maclA:LEU2 24 CUP2-gqR TACCACTACCAGCACCACCA
TF065-2 maclA:HIS1/maclA:LEU2 24 CUP9-qF ATGCTCCATTGCTTCCTCAT
TF039-1 cup2A:HIS1/cup2A::LEU2 24 CUP9-qR TGGTTGTTGTGGTTGTTGCT
TF039-2 cup2A::HIS1/cup2A::LEU2 24 MACI-qF ACCGACCCTGAAACAACAAG

MACI-gR AGACGAATCTGCTGGAGGAA

S. cerevisiae FRE7-qF TCCACGGTAAGTGATGGTCA
BY4741¢ GPA2 44 FRE7-qR ACCGGCAATAAGACCACAAG
gpa2A gpa2A 44 CUP1-qF TTAACTACGCATCTGGCTGC

CUP1-qR TTGCATTCAGTTTCGGAAGC

C. neoformans
M049° GPAI 37
AAC1 gpalA::ADE2 37
AAC2 gpalA::ADE2 + pGPAI on Cn Tel-Hyg 37 (CTR1, CTR2, CRP1, CUP1, CRD2, MACI, CUP2, and FRE7) were de-

“The genotype of S. cerevisiae strain BY4741 is MATa his3A1 leu2A0 met15A0 ura3A0.
b The genotype of the C. neoformans strains M049 is MATa ade2.

MATERIALS AND METHODS

Strains and media. Candida albicans, Saccharomyces cerevisiae, and
Cryptococcus neoformans strains were routinely passaged in YPD (2%
dextrose, 2% Bacto peptone, 1% yeast extract) at 30°C. All strains are
listed in Table 1.

Growth assays. Single colonies were inoculated into 3 ml of YPD and
grown overnight in an orbital shaker at 30°C. For liquid growth assays, the
overnight cultures were diluted in YPD and used to inoculate 200-pl
cultures of YPD (with or without the addition of CuSO, [Sigma], cisplatin
[Sigma], and/or 10 mM N°,2’-O-dibutyryl-AMP [dbcAMP] [Sigma]) ata
starting optical density at 600 nm (ODy,) of 0.01 in a microtiter plate.
The cultures were grown at 30°C with orbital shaking in a microplate
reader (Infinite M200 Pro [Tecan]) which recorded ODy, readings at
specific times. For C. albicans and S. cerevisiae spot assays on solid media,
overnight cultures were diluted in YPD to an ODy, of 5 and were then
serially diluted 1:5 in YPD. Three microliters of each serial dilution was
then spotted onto the appropriate plates, incubated at 30°C, and photo-
graphed. Spot assays using the C. neoformans strains were performed as
described above except the overnight cultures were diluted to an ODy, of
0.05 and were then used as a starting point for 2-fold serial dilutions.

Gene expression analysis. Single colonies were inoculated into 3 ml of
YPD and grown overnight at 30°C. These overnight cultures were used to
inoculate 100-ml cultures of YPD, which were incubated at 30°C with
orbital shaking until mid-log phase (ODy, ~1), at which point the cul-
tures were split into two 50-ml aliquots. CuSO, was added to one of the
aliquots to a final concentration of 12 mM. The other aliquot was left
untreated. Each culture was allowed to grow for an additional 30 min
before being harvested by centrifugation. Pellets were stored at —80°C
until RNA extraction. Total RNA was extracted from each frozen pellet
using the Ambion RiboPure yeast kit (Invitrogen) and was treated with
the Turbo DNA-free kit (Invitrogen) followed by reverse transcription
(RT) using the iScript cDNA synthesis kit (Bio-Rad) according to the
manufacturers’ instructions. The cDNA was subject to quantitative re-
verse transcription-PCR (qRT-PCR) using Power SYBR green PCR mas-
ter mix (Applied Biosystems). Reactions were run and measurements
were obtained using the 7900 Fast Real-Time PCR System and SDS2.3
software (Applied Biosystems). Quantitative RT-PCR primers for 8 genes
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signed using the Primer3 software. The sequence of each oligonucleotide
is listed in Table 2.

ICP-MS. Single colonies were inoculated into 3 ml of YPD and grown
overnight at 30°C. These overnight cultures were used to inoculate 100-ml
cultures of YPD, which were incubated at 30°C with orbital shaking to
mid-log phase (0D, ~1) at which point the cultures were split into two
40-ml aliquots. CuSO, was added to one of the aliquots to a final concen-
tration of 12 mM. The other aliquot was left untreated. Each culture was
allowed to grow at 30°C for 1 h and then harvested by centrifugation.
Pellets were washed 3 times with 40 ml of deionized water before being
stored at —80°C until inductively coupled plasma mass spectrometry
(ICP-MS) analysis. Frozen pellets were resuspended in 20% trace metal-
grade nitric acid (Fisher Scientific) at room temperature and then boiled
overnight (~16 h) at 100°C in screw-cap Eppendorf tubes. The samples
were then transferred to 50-ml conical tubes, and the Eppendorf tubes
were rinsed with 2% trace metal-grade nitric acid in triplicate to ensure
complete transfer of metal ions. An internal standard was incorporated
into each sample to verify calibration of the instrument. Samples were
brought to a final volume of 25 ml by addition of 2% trace metal-grade
nitric acid. All ICP-MS analyses were carried out on an Agilent 7700
instrument, using the semiquantitative mode. All samples were measured
in triplicate, corrected for differences in the number of cells in each sample
as measured by ODy.

RESULTS AND DISCUSSION

Deletion of C. albicans GPA2 confers resistance to copper. Dur-
ing our studies to define the functions of novel unannotated tran-
scripts in the C. albicans genome, we observed that a strain har-
boring a deletion of the transcript listed as NOVEL-Ca21chr3-018
(25) displayed increased growth relative to a wild-type (WT)
strain on rich media supplemented with excess copper sulfate
(CuSO,) (data not shown). Since this transcript is in close prox-
imity (350 bp) to the start codon of GPA2 on chromosome 3 and
is transcribed on the same strand, we reasoned that deletion of this
transcript might confer increased copper tolerance by reducing
the expression of GPA2. To directly address this, we tested the
ability of a strain carrying a homozygous deletion of GPA2 (26) to
grow in the presence of excess copper. The gpa2A/A strain exhib-
ited significant growth in liquid medium supplemented with
CuSO,, while the growth of the WT strain was significantly inhib-
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FIG 1 A gpa2A/A mutant is resistant to copper. (A) C. albicans WT (squares;
RBY1179), gpa2A/A (circles; RBY1166), and gpa2A/A GPA2 (triangles;
RBY1205) strains were inoculated into YPD (closed symbols) or YPD plus 12
mM CuSO, (open symbols) at an ODy,, of 0.01. The ODs were measured
hourly over the course of 30 h. Shown are the averages of 3 biological replicates.
(B) C. albicans WT (RBY1179), gpa2A/A (RBY1166), and gpa2A/A GPA2
(RBY1205) strains were grown overnight in YPD, serially diluted, and spotted
onto YPD or YPD plus 10 mM CuSO, and photographed after 1 or 2 days,
respectively.

ited (Fig. 1A). Like that of the WT strain, the growth of the com-
plemented strain (26), generated by introducing a WT copy of
GPA2 into the gpa2A/A mutant, was inhibited in the presence of
copper (Fig. 1A), indicating that deletion of GPA2, and not an
extraneous mutation, is responsible for the observed copper tol-
erance. Similar results were obtained from growth tests performed
on solid media in which we observed a 5-fold increase in copper-
resistant growth in the gpa2A/A mutant that was reversed in the
complemented strain (Fig. 1B).

We observed that the copper resistance of the gpa2A/A strain
was more severe than that of the strain harboring the deletion of
NOVEL-Ca21chr3-018 (data not shown), suggesting that deletion
of NOVEL-Ca21chr3-018 partially reduced the expression of
GPA2, resulting in a less severe phenotype. Taken together, these
results indicate that GPA2, and not NOVEL-Ca21chr3-018, func-
tions to govern copper homeostasis in C. albicans.

We considered whether or not the copper resistance phenotype
of the gpa2A/A was indicative of a general defect in metal homeo-
stasis by testing growth of the mutant in media depleted of or
supplemented with other metals. We observed no difference be-
tween the WT and the gpa2A/A mutant in growth assays under
iron-limiting conditions (500 wM ferrozine or 100 wM batho-
phenanthrolinedisulfonic acid) or copper-limiting conditions
(100 uM bathocuproine disulfonate) or in media containing ex-
cess cadmium, silver, iron (Fig. 2), manganese, nickel, or cobalt
(data not shown).

A gpa2A/A mutant displays altered regulation of copper-re-
lated genes. To determine whether GPA2 may influence copper
resistance through altered regulation of one or more copper-re-
lated genes, we assayed the steady-state and copper-inducible ex-
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FIG 2 A gpa2A/A mutant is not resistant to excess silver, cadmium, or iron.
(A) C. albicans WT (RBY1179), gpa2A/A (RBY1166), and gpa2A/A GPA2
(RBY1205) strains were inoculated into YPD (gray bars), YPD plus 75 pM
Ag,SO, (black bars), or YPD plus 100 wM CdSO, (striped bars) at an ODg, of
0.01. ODs were measured at 24 h. Shown are the averages of 3 biological
replicates, with standard deviations. (B) C. albicans WT (RBY1179) and
gpa2A/A (RBY1166) strains were inoculated into YPD or YPD plus 12 mM
FeSO, at an ODg, 0f 0.01. ODs were measured at 24 h. Shown are the averages
of 3 biological replicates.

pression of several copper-related genes by qRT-PCR in the WT,
gpa2A/A mutant, and complemented strains.

The expression of the copper uptake genes, CTRI and FRE7,
was repressed after exposure to excess copper in both the WT and
complemented strains (Fig. 3A and B). When only the untreated
samples are considered, the gpa2A/A mutant had severely reduced
expression of CTRI and FRE7 (11.5-fold and 8.2-fold, respec-
tively) relative to the WT strain, and this reduction was not appar-
ent in the complemented strain. As expected, among the samples
that were exposed to excess copper, both genes were expressed at
comparably low levels in all 3 strains tested. Therefore, in the
absence of excess copper, deletion of GPA2 confers a decrease in
the expression of the copper uptake genes, CTRI and FRE?7.

The expression of the copper-efflux pump, CRPI, was induced
upon exposure to excess copper in both the WT and comple-
mented strains (Fig. 3C). When only the copper-treated samples
are considered, the gpa2A/A strain displayed a 5.2-fold reduction
in CRPI expression relative to the WT strain that was not evident
in the complemented strain (Fig. 3C). CRPI was expressed at
equivalently low levels in each of the 3 strains when they were left
untreated (Fig. 3C). Therefore, deletion of GPA2 results in the
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FIG 3 Altered expression of copper-related genes in a gpa2A/A mutant. WT
(RBY1179), gpa2A/A (RBY1166), and gpa2A/A GPA2 (RBY1205) strains
grown in YPD (gray bars) or YPD plus 12 mM CuSO4 for 30 min (black bars)
were subjected to qRT-PCR expression analysis of the indicated copper-re-
lated genes: CTRI (A), FRE7 (B), CRPI (C), CRD2 (D), and MACI (E). RNA
expression was normalized to TEFI expression, and fold changes between
strains were normalized to the WT strain (RBY1179) grown in the absence of
copper, which was adjusted to a value of 1. Shown are the averages of 4 bio-
logical replicates, with standard errors. *, P < 0.01 compared to the WT strain
grown under the same condition. #, P < 0.05 compared to the WT strain
grown under the same condition.

inability of the CRPI gene to be induced by exposure to excess
copper.

The expression of the metallothionein gene, CRD2, did not
respond to the addition of excess copper in any of the strains tested
(Fig. 3D). Notably, under both conditions, the gpa2A/A strain
exhibited increased expression (6.5-fold and 17.8-fold) relative to
the WT strain, and this increased expression was not evident in the
complemented strain. Therefore, deletion of GPA2 results in in-
creased in expression of the copper metallothionein gene, CDR2.

The expression of the gene encoding the copper-sensing tran-

July 2013 Volume 12 Number 7

GPA2 Regulates Copper Homeostasis

scription factor, MACI, was repressed after exposure to excess
copper in both the WT and complemented strains (Fig. 3E).
Among the copper treated samples, MACI was expressed at com-
parable levels in all three strains (Fig. 3E). However, MACI ex-
pression was reduced 2-fold in the untreated gpa2A/A sample rel-
ative to the untreated WT sample, and this reduction was not
evident in the complemented strain (Fig. 3E). Therefore, in the
absence of excess copper, deletion of GPA2 results in a decrease in
MACI expression.

We were unable to detect a reproducible, statistically signifi-
cant difference in the expression of CUPI, CTR2, or CUP2 be-
tween the WT and gpa2A/A strains (data not shown). Taken to-
gether, the results of our gene expression analyses suggest that the
increased copper resistance observed in the gpa2A/A mutant re-
sults from a combination of decreased copper uptake and in-
creased synthesis of metallothioneins. Although our results sug-
gest that increased copper efflux is not a factor contributing to the
copper resistance phenotype, the possibility exists that a previ-
ously undescribed posttranscriptional mechanism could be in-
creasing the amount of efflux pumps without altering the amount
of RNA message.

The decreased expression of CTRI (Fig. 3A), FRE7 (Fig. 3B),
and MACI (Fig. 3E) in the gpa2A/A mutant is likely to reflect a
decrease in expression of the copper-responsive transcription fac-
tor, Maclp, which activates transcription in the absence of excess
copper by binding to copper responsive elements (CuREs) in the
promoters of its target genes (15). We examined the expression of
CTRI in independently generated strains that each harbor a ho-
mozygous deletion of MACI (24). As expected, the maclA/A
strains exhibited significantly reduced expression of CTRI (Fig.
4A) compared to the wild-type strain.

A gpa2A/A mutant accumulates less copper. To extend upon
the changes we observed in the expression of the copper uptake
genes, CTRI and FRE7, we tested the strains’ sensitivity to cispla-
tin, a chemotherapeutic drug that is toxic to yeast cells. In S. cerevi-
siae and mammals, cisplatin enters cells through the copper trans-
porter encoded by ScCTR1 (30). A S. cerevisiae deletion of ScCTR1
displays increased resistance to cisplatin (30). Although the mech-
anism by which cisplatin is taken up into C. albicans cells has not
been elucidated, we reasoned that it is likely to be mediated by the
C. albicans CTRI gene, given its sequence and functional homol-
ogy to the ScCTRI gene of S. cerevisiae (31). Thus, an increased
resistance to cisplatin would imply a decrease in expression or
function of the C. albicans CTR1 gene. Consistent with the gene
expression data, the gpa2A/A strain displayed increased growth in
the presence of cisplatin compared to WT and complemented
strains (Fig. 5). Therefore, deletion of GPA2 results in an increase
in resistance to cisplatin. This result is consistent with the notion
that a decrease in copper uptake is a contributing factor in the
copper resistance of the gpa2A/A strain.

The cisplatin (Fig. 5) and copper (Fig. 1) resistance pheno-
types, as well as the decrease in CTRI gene expression (Fig. 3A) in
the gpa2A/A strain, led us to examine the cell-associated copper
content of these strains. To accomplish this, we performed induc-
tively coupled plasma mass spectrometry (ICP-MS) on the WT,
gpa2A/A, and complemented strains grown in YPD alone or sup-
plemented with 12 mM CuSO,. All three of the strains had equiv-
alent, low levels of cell-associated copper when grown in YPD. As
expected, treatment of WT cells with CuSO, for 1 h resulted in a
significant increase (175-fold) in the cellular copper content
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FIG 4 Altered expression of copper-related genes in a maclA/A mutant and a
cup2A/A mutant. (A) The WT (SN250) and 2 independently generated
maclA/A mutants (24) were grown in YPD (gray bars) or YPD plus 12 mM
CuSO4 for 30 min (black bars) and were subjected to qRT-PCR expression
analysis of CTRI. (B) The WT (SN250) and 2 independently generated
cup2A/A mutants (24) were grown in YPD (gray bars) or YPD plus 12 mM
CuSO4 for 30 min (black bars) and were subjected to qRT-PCR expression
analysis of CRPI. RNA expression was normalized to TEFI expression, and
fold changes between strains were normalized to the WT strain (SN250) grown
in the absence of copper, which was adjusted to a value of 1. Shown are the
averages of at least 3 biological replicates, with standard errors.

(Fig. 6A). However, following exposure to 12 mM CuSO, for an
hour, the gpa2A/A mutant had reduced (2.1-fold) copper content
compared to those of the WT and complemented strains (Fig. 6A).
Therefore, deletion of GPA2 results in a decrease in cell-associated
copper content upon exposure to copper. This result is consistent
with the increased cisplatin resistance and the decreased CTRI
expression that we have observed for the gpa2A/A mutant. To-
gether, these observations favor the model that reduced copper

2
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FIG 5 A gpa2 null mutant is resistant to cisplatin. C. albicans WT (RBY1179),
gpa2A/A (RBY1166), and gpa2A/A GPA2 (RBY1205) strains were inoculated
into YPD (gray bars) or YPD plus 600 wM cisplatin (black bars) atan OD, of
0.01. The ODs were measured at 24 h. Shown are the averages of 3 biological
replicates.
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FIG 6 A gpa2 null mutant accumulates lower levels of copper. (A) C. albicans
WT (RBY1179), gpa2A/A (RBY1166), and gpa2A/A GPA2 (RBY1205) strains
were grown to mid-log phase in YPD. (B) The C. albicans WT (SN250) and 2
independently generated maclA/A mutants were grown to mid-log phase in
YPD. The cultures were divided and grown in YPD (black bars) or YPD plus 12
mM CuSO, (gray bars) for 1 h. The cells were washed 3 times with water and
then boiled in nitric acid overnight prior to ICP-MS. The copper concentra-
tions were normalized to the ODg, of each culture. Shown are the averages of
3 biological replicates.

uptake contributes to the copper resistance phenotype of the
gpa2A/A mutant.

We noticed a difference in CTR1 and FRE7 expression between
the WT and gpa2A/A strains under conditions where no extra
copper was added to the medium but not under conditions of
excess copper (Fig. 3A and B), where we observed the difference in
copper accumulation (Fig. 6). This difference can be explained by
copper-inducible protein degradation. S. cerevisiae Ctrlp is de-
graded at the plasma membrane when cells are exposed to high
levels of copper (11, 18). While this aspect of regulating Ctrlp
function in C. albicans has not been authenticated, it is reasonable
to predict a similar role. Based on the gene expression data, one
likely scenario is that the gpa2A/A strain has severely reduced
steady-state levels of Ctrlp. Thus, the amount of Ctr1p that needs
to be degraded to adequately shut down copper import is much
lower, allowing the gpa2A/A strain to turn off copper import more
rapidly and subsequently achieve lower copper levels than the WT
strain. Further experiments are required to conclusively deter-
mine this mechanism.

The decreased accumulation of cell-associated copper in the
gpa2A/A mutant is most likely the result of decreased expression
of MACI in the gpa2A/A mutant, which, as demonstrated above,
confers decreased expression of the copper transporter, CTRI
(Fig. 4A). We measured the amount of cell-associated copper in
the macIA/A strains grown in YPD alone or YPD supplemented
with 12 mM CuSO,. Deletion of MACI confers a defect in cell-

Eukaryotic Cell


http://ec.asm.org

associated copper accumulation (~2-fold decrease) very similar
to that conferred by deletion of GPA2 (Fig. 6). These results are
consistent with the model in which deletion of GPA2 leads to
reduced copper accumulation by decreasing the expression of the
copper-sensing transcription factor MACI.

The expression of CRPI is induced when excess copper is
added to the medium (19, 20). The decreased accumulation of
copper in the gpa2A/A strain (Fig. 6A) might explain the lack of
induction of the copper efflux pump, CRPI (Fig. 3C). In S. cerevi-
siae, copper-inducible gene expression is mediated by the function
of ScCUP2. Under conditions where copper is in excess, ScCup2p
binds to copper and activates the expression of ScCUPI, which
specifies a metallothionein (21-23, 32, 33). The C. albicans CUP2
homologue is required to resist high copper levels because dele-
tion of this gene confers hypersensitivity to excess copper (24),
making it a likely candidate for the transcription factor that me-
diates the copper-inducible expression of CPRI. To test this in C.
albicans, we examined the copper-inducible gene expression of
CRPI in two independently generated strains that each harbor a
homozygous deletion of the CUP2 gene (24). As expected, the
cup2A/A strains exhibited significantly reduced copper-induced
expression of CRPI (Fig. 4B) compared to the wild-type strain. To
our knowledge, this is the first report that connects CRP1 expres-
sion to the activity of CUP2 in C. albicans.

Copper resistance can be reversed by cyclic AMP. The C. al-
bicans GPA2 gene encodes a G-protein a subunit that functions
with GPRI, a G-protein coupled receptor, as a nutrient sensor
that regulates filamentous growth (34-36). GPA2 in hyphal
morphogenesis is known to act through the cAMP-dependent
PKA pathway, as deletion of GPA2 results in a morphogenesis
defect that can be reversed by the addition of exogenous cAMP
to the medium (34). To determine if GPA2 functions through
the same pathway to govern copper homeostasis, we tested
whether the addition of 10 mM N®2’-O-dibutyryl-AMP
(dbcAMP) would reverse the copper resistance of the gpa2A/A
strain. dbcAMP is a cell-permeative, nonmetabolic derivative
of cAMP that has previously been used to mimic high cAMP
levels in C. albicans (35). Addition of dbcAMP did not affect
the growth of the WT or gpa2A/A strain in the absence of
copper (Fig. 7). While the gpa2A/A mutant achieved significant
growth in YPD supplemented with CuSO, (Fig. 1 and 7A), its
growth was significantly inhibited in same medium to which
dbcAMP was added (Fig. 7A). Therefore, addition of exoge-
nous cAMP can bypass the effect on copper tolerance of the
GPA?2 deletion and render the gpa2A/A strain sensitive to cop-
per. EFGI encodes a transcription factor that functions at the
end of the cAAMP-PKA pathway to govern hyphal morphogen-
esis. In order to further investigate the role of the PKA pathway
in copper toxicity, we tested whether mutations in the EFGI
branch of the C. albicans PKA pathway would confer increased
resistance to excess copper. We observed that an efgl A/A mu-
tant was significantly more resistant to excess copper than both
the WT and the EFGI complemented strain (Fig. 7B). This
result is in agreement with the findings of Homann et al. (24).
Taken together, these results suggest that GPA2 functions
through the PKA pathway to govern copper homeostasis.

Conservation of GPA2 function among pathogenic yeasts.
We next considered whether this new role for GPA2 in copper
homeostasis is conserved in other fungi. We decided to address
this by analyzing deletion mutants in the nonpathogenic S. cerevi-

July 2013 Volume 12 Number 7

GPA2 Regulates Copper Homeostasis

A OYPD @YPD +Cu
DYPD + dbcAMP M YPD + dbcAMP + Cu
1.8
1 6 +-.—
1.4 1
1.2
g 1
(=]
O 08
0.6
#
0.4
0.2
#
0 Z=
wWT gpa2i/A
B YPD 10mM Cu

WT

efg1A/A
afg1AIA
+EFG1

FIG 7 Role of the cAMP-PKA pathway in copper resistance. (A) C. albicans
WT (RBY1179) and gpa2A/A (RBY1166) strains were inoculated into YPD
(white bars), YPD plus dbcAMP (gray bars), YPD plus 12 mM CuSO, (striped
bars), or YPD plus dbcAMP plus 12 mM CuSO4 (black bars) at an ODyg, of
0.01. ODs were measured at 24 h. Shown are the averages of 3 biological
replicates. (B) C. albicans WT (CAI4-URA), efgIA/A (DSC10), and efglA/A
EFGI (DSC11) strains were grown overnight in YPD, serially diluted, and
spotted onto YPD or YPD plus 10 mM CuSO, and photographed after 1 or 2
days, respectively. #, no statistically significant difference between these two
samples.

siage and the primary pathogen Cryptococcus neoformans. The
GPA2 homologues in S. cerevisiae and C. neoformans are SCGPA2
and CnGPA1, respectively. Both genes have been shown to func-
tion upstream of the cAMP-PKA pathway in their respective or-
ganisms (37—41). We could not detect a difference between the
WT S. cerevisiae strain and the gpa2A mutant in the presence of
excess copper when grown in liquid or on solid medium (Fig. 8A
and 8B, respectively). Therefore, deletion of ScGPA2 does not ap-
pear to confer copper resistance, suggesting that GPA2 does not
govern copper homeostasis in S. cerevisiae. However, we cannot
exclude the possibility that another gene provides redundant
function in the Scgpa2A mutant.

The C. neoformans gpalA strain exhibited an ~5-fold increase
in growth in the presence of excess copper relative to the WT
strain, and the resistance was reversed in the complemented strain
carrying a WT copy of GPAI (Fig. 8C). Therefore, deletion of
GPA1 confers copper resistance to a similar extent as deletion of C.
albicans GPA2.

There are several observations in the literature that are con-
sistent with deletion of CnGPA1 resulting in decreased copper
import. Alspaugh et al. demonstrated that CnGPAI regulates
capsule production and melanization by showing that a strain
harboring a deletion in CnGPA1 displays defects in these pro-
cesses (37). In a study performed 14 years later, Silva et al.
observed that treatment of C. neoformans cells with micro-
plusin, a copper-chelating antimicrobial peptide, inhibited
both capsule production and melanization (42). One possible
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FIG 8 Relationship between GPA2 and copper toxicity in other fungi. (A) S.
cerevisiae WT (BY4741), and gpa2A strains were inoculated into YPD (white
bars), YPD plus 8 mM CuSO, (gray bars), or YPD plus 10 mM CuSO, at an
ODg of 0.01. The ODs were measured at 40 h. Shown are the averages of 3
biological replicates. (B) S. cerevisiae strains WT (BY4741) and gpa2A strains
were grown overnight in YPD, serially diluted, and spotted onto YPD or YPD
plus 10 mM CuSO, for 1 or 2 days, respectively. (C) C. neoformans WT
(M029), gpalA (AAC1), and gpalA GPAI (AAC3) strains were grown over-
night in YPD, serially diluted, and spotted onto YPD or YPD plus 12 mM
CuSO, and photographed after 1 or 2 days, respectively.

explanation for the similarities in phenotypes shared by dele-
tion of CnGPAI and depletion of copper by chelation is that a
CngpalA mutant has a defect in copper import, similar to what
we observed in C. albicans. More experiments are required to
reach this conclusion definitively.

Relationship between GPA2 and copper homeostasis. When
exposed to toxic concentrations of copper in the environment,
C. albicans employs three key microbial mechanisms to ensure
survival. It responds by reducing copper influx, increasing cop-
per efflux, and expressing metallothioneins that function to
chelate free copper ions (19, 20). Our understanding of the
signaling pathways that mediate these responses is incomplete,
with most of the knowledge being extrapolated from observa-
tions made in S. cerevisiae. In this report, we describe the novel
role of GPA2 and the PKA pathway in copper homeostasis. We
demonstrate that a strain harboring a deletion in GPA2 results
in a copper resistance phenotype (Fig. 1) that stems from 2 of
the 3 key copper survival mechanisms—decreased copper im-
port (Fig. 3, 5, and 6) and increased methallothionein expres-
sion (Fig. 3D). The GPA2 gene encodes a G protein a subunit
that functions through the cAMP-PKA pathway to govern hy-
phal morphogenesis (34, 35). Our observation that the copper
resistance can be reversed by addition of dbcAMP suggests that
GPA2 also functions through the cAMP-PKA pathway to gov-
ern copper homeostasis, presumably by controlling the expres-
sion of the copper import genes, CTRI and FRE7, as well as the
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metallothionein gene, CRD2. Further experiments are required
to determine the exact pathways and mechanisms that GPA2
uses to control the expression of these genes.

ACKNOWLEDGMENTS

We are grateful to Richard Bennett (Brown University), Joe Heitman
(Duke University), Scott Filler (Harbor-UCLA), and Jana Patton-Vogt
(Duquesne University) for strains.

REFERENCES

1. Boal AK, Rosenzweig AC. 2009. Structural biology of copper trafficking.
Chem. Rev. 109:4760—-4779.

2. Nevitt T, Hohrvik Thiele DJ. 2012. Charting the travels of copper in
eukaryotes from yeast to mammals. Biochim. Biophys. Acta 1823:1580—
1593.

3. Borkow G. 2009. Copper, an ancient remedy returning to fight microbial,
fungal and viral infections. Curr. Chem. Biol. 3:272-278.

4. Osman D, Waldron KJ, Denton H, Taylor CM, Grant AJ, Mastroeni P,
Robinson NJ, Cavet JS. 2010. Copper homeostasis in Salmonella is atyp-
ical and copper-CueP is a major periplasmic metal complex. J. Biol. Chem.
285:25259-25268.

5. White C, Lee J, Kambe T, Fritsche K. 2009. A role for the ATP7A
copper-transporting ATPase in macrophage bactericidal activity. J. Biol.
Chem. 284:33949-33956.

6. Wolschendorf F, Ackart D, Shrestha TB, Hascall-Dove L, Nolan S,
Lamichhane G, Wang Y, Bossmann SH, Basaraba RJ, Niederweis M.
2011. Copper resistance is essential for virulence of Mycobacterium tuber-
culosis. Proc. Natl. Acad. Sci. U. S. A. 108:1621-1626.

7. Georgatsou E, Mavrogiannis LA, Fragiadakis GS, Alexandraki D. 1997.
The yeast Frelp/Fre2p cupric reductases facilitate copper uptake and are
regulated by the copper-modulated Maclyp activator. J. Biol. Chem. 272:
13786-13792.

8. Labbé S, Zhu Z, Thiele DJ. 1997. Copper-specific transcriptional repres-
sion of yeast genes encoding critical components in the copper transport
pathway. J. Biol. Chem. 272:15951-15958.

9. Liu XD, Thiele DJ. 1997. Yeast metallothionein gene expression in re-
sponse to metals and oxidative stress. Methods 11:289-299.

10. Odermatt A, Suter H, Krapf R, Solioz M. 1992. An ATPase operon
involved in copper resistance by Enterococcus hirae. Ann. N. Y. Acad. Sci.
671:484—-486.

11. Ooi CE, Rabinovich E, Dancis A, Bonifacino JS, Klausner RD. 1996.
Copper-dependent degradation of the Saccharomyces cerevisiae plasma
membrane copper transporter Ctrlp in the apparent absence of endocy-
tosis. EMBO J. 15:3515-3523.

12. Yamaguchi-Iwai Y, Serpe M, Haile D, Yang W, Kosman DJ, Klausner
RD, Dancis A. 1997. Homeostatic regulation of copper uptake in yeast via
direct binding of MACI1 protein to upstream regulatory sequences of
FRE1 and CTRI1. J. Biol. Chem. 272:17711-17718.

13. Jeeves RE, Mason RP, Woodacre A, Cashmore AM. 2011. Ferric reduc-
tase genes involved in high-affinity iron uptake are differentially regulated
in yeast and hyphae of Candida albicans. Yeast 28:629—644.

14. Marvin ME, Mason RP, Cashmore AM. 2004. The CaCTRI gene is
required for high-affinity iron uptake and is transcriptionally controlled
by a copper-sensing transactivator encoded by CaMACI. Microbiology
150:2197-2208.

15. Woodacre A, Mason RP, Jeeves RE, Cashmore AM. 2008. Copper-
dependent transcriptional regulation by Candida albicans Maclp. Micro-
biology 154:1502—-1512.

16. Graden JA, Winge DR. 1997. Copper-mediated repression of the activa-
tion domain in the yeast Maclp transcription factor. Proc. Natl. Acad. Sci.
U.S. A. 94:5550-5555.

17. Hassett R, Kosman DJ. 1995. Evidence for Cu(II) reduction as a compo-
nent of copper uptake by Saccharomyces cerevisiae. J. Biol. Chem. 270:
128-134.

18. Yonkovich J. 2002. Copper ion-sensing transcription factor Maclp post-
translationally controls the degradation of its target gene product Ctrlp. J.
Biol. Chem. 277:23981-23984.

19. Riggle PJ, Kumamoto CA. 2000. Role of a Candida albicans P1-type
ATPase in resistance to copper and silver ion toxicity. J. Bacteriol. 182:
4899-4905.

20. Weissman Z, Berdicevsky I, Cavari BZ, Kornitzer D. 2000. The high

Eukaryotic Cell


http://ec.asm.org

21.

22.

23.

24.

25.

26.

31.

32.

33.

34.

35.

36.

copper tolerance of Candida albicans is mediated by a P-type ATPase.
Proc. Natl. Acad. Sci. U. S. A. 97:3520—3525.

Buchman C, Skroch P, Welch J, Fogel S, Karin M. 1989. The CUP2 gene
product, regulator of yeast metallothionein expression, is a copper-
activated DNA-binding protein. Mol. Cell. Biol. 9:4091-4095.

Szczypka MS, Thiele DJ. 1989. A cysteine-rich nuclear protein activates
yeast metallothionein gene transcription. Mol. Cell. Biol. 9:421-429.
Thiele DJ. 1988. ACEI regulates expression of the Saccharomyces cerevi-
siae metallothionein gene. Mol. Cell. Biol. 8:2745-2752.

Homann OR, Dea J, Noble SM, Johnson AD. 2009. A phenotypic profile
of the Candida albicans regulatory network. PLoS Genet. 5:¢1000783.
Bruno VM, Wang Z, Marjani SL, Euskirchen GM, Martin J, Sherlock G,
Snyder M. 2010. Comprehensive annotation of the transcriptome of the
human fungal pathogen Candida albicans using RNA-seq. Genome Res.
20:1451-1458.

Bennett RJ, Johnson AD. 2006. The role of nutrient regulation and the
Gpa2 protein in the mating pheromone response of C. albicans. Mol.
Microbiol. 62:100—119.

. Reference deleted.
. Reference deleted.
. Reference deleted.
. Ishida S, Lee J, Thiele DJ, Herskowitz L. 2002. Uptake of the anticancer

drug cisplatin mediated by the copper transporter Ctr1 in yeast and mam-
mals. Proc. Natl. Acad. Sci. U. S. A. 99:14298-14302.

Marvin ME, Williams PH, Cashmore AM. 2003. The Candida albicans
CTR1 gene encodes a functional copper transporter. Microbiology 149:
1461-1474.

Karin M, Najarian R, Haslinger A, Valenzuela P, Welch J, Fogel S. 1984.
Primary structure and transcription of an amplified genetic locus: the
CUP1 locus of yeast. Proc. Natl. Acad. Sci. U. S. A. 81:337-341.

Winge DR, Nielson KB, Gray WR, Hamer DH. 1985. Yeast metallothio-
nein. Sequence and metal-binding properties. J. Biol. Chem. 260:14464 —
14470.

Maidan MM, De Rop L, Serneels J, Exler S, Rupp S, Tournu H,
Thevelein JM, Van Dijck P. 2005. The G protein-coupled receptor Gprl
and the Galpha protein Gpa2 act through the cAMP-protein kinase A
pathway to induce morphogenesis in Candida albicans. Mol. Biol. Cell
16:1971-1986.

Miwa T, Takagi Y, Shinozaki M, Yun C-W, Schell WA, Perfect JR,
Kumagai H, Tamaki H. 2004. Gprl, a putative G-protein-coupled recep-
tor, regulates morphogenesis and hypha formation in the pathogenic fun-
gus Candida albicans. Eukaryot. Cell 3:919-931.

Sanchez-Martinez C, Pérez-Martin J. 2002. Gpa2, a G-protein alpha

July 2013 Volume 12 Number 7

37.

38.

39.

40.

41.

42.

43.

44,

GPA2 Regulates Copper Homeostasis

subunit required for hyphal development in Candida albicans. Eukaryot.
Cell 1:865—874.

Alspaugh JA, Perfect JR, Heitman J. 1997. Cryptococcus neoformans
mating and virulence are regulated by the G-protein alpha subunit GPA1
and cAMP. Genes Dev. 11:3206-3217.

Colombo S, Ma P, Cauwenberg L, Winderickx J, Crauwels M, Teunis-
sen A, Nauwelaers D, de Winde JH, Gorwa MF, Colavizza D, Thevelein
JM. 1998. Involvement of distinct G-proteins, Gpa2 and Ras, in glucose-
and intracellular acidification-induced cAMP signalling in the yeast Sac-
charomyces cerevisiae. EMBO J. 17:3326-3341.

D’Souza CA, Alspaugh JA, Yue C, Harashima T, Cox GM, Perfect JR,
Heitman J. 2001. Cyclic AMP-dependent protein kinase controls viru-
lence of the fungal pathogen Cryptococcus neoformans. Mol. Cell. Biol.
21:3179-3191.

Nakafuku M, Obara T, Kaibuchi K, Miyajima I, Miyajima A, Itoh H,
Nakamura S, Arai K, Matsumoto K, Kaziro Y. 1988. Isolation of a second
yeast Saccharomyces cerevisiae gene (GPA2) coding for guanine nucle-
otide-binding regulatory protein: studies on its structure and possible
functions. Proc. Natl. Acad. Sci. U. S. A. 85:1374-1378.

Tolkacheva T, McNamara P, Piekarz E, Courchesne W. 1994. Cloning of
a Cryptococcus neoformans gene, GPA1, encoding a G-protein alpha-
subunit homolog. Infect. Immun. 62:2849-2856.

Silva FD, Rossi DCP, Martinez LR, Frases S, Fonseca FL, Campos CBL,
Rodrigues ML, Nosanchuk JD, Daffre S. 2011. Effects of microplusin, a
copper-chelating antimicrobial peptide, against Cryptococcus neofor-
mans. FEMS Microbiol. Lett. 324:64-72.

Park H, Myers CL, Sheppard DC, Phan QT, Sanchez AA, Edwards JE,
Filler SG. 2005. Role of the fungal Ras-protein kinase A pathway in gov-
erning epithelial cell interactions during oropharyngeal candidiasis. Cell.
Microbiol. 7:499-510.

Winzeler EA, Shoemaker DD, Astromoff A, Liang H, Anderson K,
Andre B, Bangham R, Benito R, Boeke JD, Bussey H, Chu AM,
Connelly C, Davis K, Dietrich F, Dow SW, El Bakkoury M, Foury F,
Friend SH, Gentalen E, Giaever G, Hegemann JH, Jones T, Laub M,
Liao H, Liebundguth N, Lockhart DJ, Lucau-Danila A, Lussier M,
M’Rabet N, Menard P, Mittmann M, Pai C, Rebischung C, Revuelta JL,
Riles L, Roberts CJ, Ross-MacDonald P, Scherens B, Snyder M,
Sookhai-Mahadeo S, Storms RK, Véronneau S, Voet M, Volckaert G,
Ward TR, Wysocki R, Yen GS, Yu K, Zimmermann K, Philippsen P,
Johnston M, Davis RW. 1999. Functional characterization of the S.
cerevisiae genome by gene deletion and parallel analysis. Science 285:901—
906.

ecasm.org 961


http://ec.asm.org

	Regulation of Copper Toxicity by Candida albicans GPA2
	MATERIALS AND METHODS
	Strains and media.
	Growth assays.
	Gene expression analysis.
	ICP-MS.

	RESULTS AND DISCUSSION
	Deletion of C. albicans GPA2 confers resistance to copper.
	A gpa2/ mutant displays altered regulation of copper-related genes.
	A gpa2/ mutant accumulates less copper.
	Copper resistance can be reversed by cyclic AMP.
	Conservation of GPA2 function among pathogenic yeasts.
	Relationship between GPA2 and copper homeostasis.

	ACKNOWLEDGMENTS
	REFERENCES


